Young volcanic lakes undergo a transition from rapid, post-eruptive accumulation of volcaniclastic sediment to slower pelagic settling under stable lake conditions, and may also be influenced by sublacustrine hydrothermal systems. Lake Rotomahana is a young (129 year-old), hydrothermally-active, volcanic lake formed after the 1886 Tarawera eruption, and provides a unique insight into the early evolution of volcanic lake systems. Lakebottom sediment cores, 20-46 cm in length, were taken along a transect across the lake and characterised with respect to stratigraphy, facies characteristics (i.e., grain size, componentry) and pore water silica concentrations. The sediments generally comprise two widespread facies: (i) a lower facies of light grey to grey, very fine lacustrine silt derived from the unconsolidated pyroclastic deposits that mantled the catchment area immediately after the eruption, which were rapidly reworked and redeposited into the lake basin; and (ii) an upper facies of dark, fine-sandy diatomaceous silt, that settled from the pelagic zone of the physically stable lake. Adjacent to sublacustrine hydrothermal vents, the upper dark facies is absent, and the upper part of the light grey to grey silt is replaced by a third localised facies comprised of hydrothermally altered pale yellow to yellowish brown, laminated silt with surface iron-rich encrustations. Microspheres, which are thought to be composed of amorphous silica, although some may be halloysite, have precipitated from pore water onto sediment grains, and are associated with a decrease in pore water silicon concentration. Lake Rotomahana is an example of a recently-stabilised volcanic lake, with respect to sedimentation, that shows signs of early sediment silicification in the presence of hydrothermal activity.
Introduction
Volcanic lakes undergo dynamic sedimentological changes in the few months to decades after their eruptive origin (e.g., Smith, 1991; Larson, 1993 , and references therein). Re-established, or new hydrothermal systems are also a common feature of young volcanic lakes (e.g., Casadevall et al., 1984; Brantley et al., 1987; Christenson and Wood, 1993; Pasternak and Varekamp, 1997) . Physical evidence for early sedimentation and environmental change within old volcanic lakes is often preserved in lake cores through volcaniclastic-lacustrine successions within maar-diatremes (e.g., Pirrung et al., 2003; Németh et al., 2008; Kaulfuss, 2013; Fox et al., 2015; Marchetto et al., 2015) . Lake-bottom sediment core can also be used to infer the effects of volcanic tephra on the limnology of modern lakes (e.g., Rawlence, 1985; Fish, 1979) . Lake Rotomahana, in the North Island of New Zealand, is an important example of a very young volcanic lake, in the classification of Christenson et al. (2015) , which formed within a valley cut by a chain of craters, then dammed by volcanic material during and shortly after the June 10, 1886 Mount Tarawera eruption. Previous sediment cores from this lake (e.g., Trolle et al., 2008) have intersected both the modern pelagic lacustrine sediments and underlying volcaniclastic deposits associated with the 1886 eruption. This succession records significant process changes during the evolution of the lake. Active sublacustrine hydrothermal activity has also been detected on the lake floor (e.g., Walker et al., in this issue; de Ronde et al., in this issue) . Thus, cores of lake sediment are likely to record near-surface physical evidence of this activity. This paper describes the physical characteristics of the sediments below the floor of Lake Rotomahana and discusses the post-eruptive sedimentological and hydrothermal processes associated with the young history of this volcanic lake.
Geological and hydrothermal setting
Lake Rotomahana is located within the southeastern margin of the Okataina Volcanic Complex, at the edge of the structural caldera boundary (Seebeck et al., 2010; de Ronde et al., in this issue) . The country rock geology surrounding Lake Rotomahana was mapped and discussed by Nairn (1989 Nairn ( , 2002 and Pittari et al. (in this issue) , and comprises predominantly rhyolite lava domes and associated pyroclastic deposits, intra-caldera ignimbrites and outflow ignimbrites from other calderas.
During the climactic phase of the Mount Tarawera eruption, which lasted for about 4 h, a succession of craters was excavated along a 16 km-long, northeast-trending linear structure across Mt. Tarawera, the lower-lying old lakes Rotomahana and Rotomakariri, and extending into the Waimangu Valley. Eruption vents across Mount Tarawera produced a basaltic plinian eruption column that dispersed a scoria fall deposit (Tarawera Pyroclastics Member, Nairn, 2002) largely to the northeast; scoria deposits surrounding Lake Rotomahana ranged from 3 cm (SE end) to 50 cm (NW end) (Walker et al., 1984) . Eruption vents that formed along the extension of the linear structure to the southeast, across the low-lying lake region, produced a phreatomagmatic eruption column and pyroclastic base surges (Nairn, 1979) , which were largely directed to the northwest. A lithic lapilli ash deposit, up to 20 m-thick (Rotomahana Pyroclastics Member, Nairn, 2002) , mantled the landscape around the lake (Nairn, 1979; Pittari et al., in this issue) .
Shortly after the eruption, the Rotomahana craters began to fill with cold water, which quenched much of the steam discharges associated with these by late 1887, and the lake had filled to its present level by the mid-1890s (Healy, 1975) . Much of the post-eruptive sediment fill has accumulated in the largest craters of the central lake basin, up to 37 m in thickness (de Ronde et al., in this issue), and was probably transported here by lake bottom currents. Trolle et al. (2008) estimated a net sedimentation rate of 0.8 mm y − 1 (0.08 kg m −2 y − 1 ) over the period 1886-2006, based on the depth to the Tarawera tephra in lake- Fig. 1 . Regional map of Lake Rotomahana and its surrounding lake catchment streams (black lines), and nearby lakes Tarawera and Rerewhakaaitu and their catchment streams (grey lines). The levels of lakes Tarawera and Rotomahana are shown in metres above sea level (m a.s.l.). Lake Rotomahana is a closed lake and it loses water through subsurface seepage to Lake Tarawera; the lowest point on the rim between the two lakes is shown by an asterisk (*) and is 343 m a.s.l. Inset shows the location of the map area in context of the Taupo  Volcanic Zone (TVZ). bottom cores. However, this rate would have been much higher in the thicker section of the central lake basin. The pre-eruptive hydrothermal landscape has been described by von Hochstetter and Petermann (1864) and von Hochstetter (1867). Prior to the 1886 eruption, surface hydrothermal activity was concentrated around the margins of the old Lake Rotomahana (Pink Terraces hydrothermal system) and included the famous Pink and White Terraces. After the eruption, much of the persistent steam had been inundated by rising lake levels, and by the 1890s a new area of surface hydrothermal activity had become established along eruption craters in the Waimangu Valley to the southwest (e.g., Simmons et al., 1993; Simmons and O'Sullivan, 2010; Hunt et al., 1994) . Resistivity measurements (Bibby et al., 1994) and high heat flows in lake-bottom sediments (Whiteford and Graham, 1994; Tivey et al., in this issue) have suggested the presence of hydrothermal activity, especially in the western and southern parts of the lake. Recent multi-disciplinary geological, geophysical and geochemical surveys have identified that; (a) the old Pink Terraces hydrothermal system is still active on the northwestern side of the lake, and (b) a new system, the Patiti hydrothermal system, has been established on the southern part of the lake (de Ronde et al., in this issue), although both are likely to be connected at depth.
Methods
Nine lake sediment cores (A-I, Table 1 ), ranging from 20 to 46 cm in length, were obtained using a Pylonex HTH 70 mm sediment (gravity) corer from the bottom of Lake Rotomahana in water depths ranging from 49 to 112 m along a southwest-northeast profile (Fig. 2) . Cores E and H were recovered near active hydrothermal vents in 49 m water depth, that were identified from bubbles at the lake surface. Upon recovery, cores A to F were photographed and sectioned into 1 cm segments and each scraped into Falcon™ 50 mL tubes. Cores G-I were retained in their transparent tubes, and photographed and stratigraphically logged back in the laboratory.
The sectioned samples of cores A to F were initially weighed and then the pore water and sediment in each sample were separated in a centrifuge at 4000 rpm for 30 min. The pore fluid separated from the sectioned samples of cores A to F were filtered through a 0.45 μm millipore filter and then 5 mL subsamples were acidified with concentrated nitric acid (0.1 mL). Elemental concentrations were measured by inductively coupled plasma mass spectrometry (ICP-MS model ELAN DRC II; Perkin-Elmer SCIEX). Only silicon and aluminium concentrations are reported here, as they are of relevance to understanding the origin of microspheres identified in Section 6. The sediments were dried, weighed and ground with a mortar and pestle to disaggregate lumps. Loss on ignition was measured by heating 0.2 g samples of dry sediment in a muffler furnace at 450°C for 3.5 to 4 h and calculating the weight lost.
Subsamples of the dried, ground sediment separates from the sectioned samples of cores E and F were treated with 10% H 2 O 2 to remove organic matter. Later, grain size analyses were conducted using a Malvern Mastersizer 2000 laser diffraction particle size analyser.
Sub-cores 10 mm in diameter of cores G and H were extracted using a glass tube. Four samples from the sub-core of core G, and three from core H, were dried, mounted on stubs and coated with platinum for examination using a HITACHI S-4700 field emission scanning electron microscope (SEM). SEM images were obtained using an accelerating voltage of 3 or 5 kV. At a later date, a further three samples from core G (G5 to G7) were prepared in the same way with semi-quantitative elemental compositions of selected components analysed using a ThermoNoran System 6 energy dispersive spectroscopic (EDS) system attached to the SEM, using an accelerating voltage of 20 kV. Two additional samples from core H (sample G8) and two samples from core H (H4 and H5) were prepared for clay mineral identification, with special emphasis on halloysite, by X-ray diffractometry (XRD) following the method of Cunningham (2012) . The clay fraction was separated by centrifuge and treated with MgCl 2 , then pipetted onto a ceramic tile and air-dried over distilled water for 24-72 h to prevent irreversible halloysite dehydration (Kirkman and Pullar, 1978) . The clay samples were initially scanned by a Panalytical Empyrean X-ray diffractometer from 2°to 45°2θ, at 120 s per step using a copper K-alpha Fig. 2 for locations) before they were sectioned in the field. Facies A, B and C are labelled as fA, fB and fC. Sample segments, at 1 cm intervals, are labelled to the left of each core. The vertical scale is depth (cm) below the sediment-lake water interface and has been adjusted to account for the perspective of the photographs. Note, the first one to four segments in each core are samples of the lake water above the sediment surface. (b) Representative photographs of the lake-bottom surface. Core C is typical of the lake bottom, whereas cores E and H were sampled near a hydrothermal vent. Core H is shown in Fig. 3 . Core tube width is 70 mm.
source. Further scans were repeated after heating the samples to 110°C, and then to 550°C.
Facies characteristics and stratigraphy
Photographs of cores A to I are shown in Figs. 3 and 4, with stratigraphic logs for cores G to I also shown in Fig. 4 . Three distinctive depositional facies (A, B and C, Table 1 ) occur in the lake bottom sediments of Lake Rotomahana, and are distinguished by their visible colour and depositional structure. All facies have a silty texture and grain size characteristics have been determined for cores E and F (Fig. 5) .
Facies A, which forms the uppermost layer in most cores across the lake (although it is absent in cores E and H), is a mottled greyish-olive to olive black, massive, bioturbated, organic-rich silt (Figs. 3a, 4) . It is between 16 to 21 cm-thick in water depths between 53 and 71 m, and is the only facies observed in cores at greater water depths (i.e., 71-112 m) (Table 1) where it has an increased thickness (N 25 cm or N27 cm) beyond the limit of core penetration. Grain size data for this facies is from core F (from 55 m water depth; samples F6-F20, Fig. 5 ) and typically shows a poorly sorted, fine sandy medium silt throughout the facies thickness, with 29-35 vol.% sand in the upper 4 cm, grading down to 16-22 vol.% sand in the lower 9 cm. Clay content is low (2-9 vol.%). The grain size distribution is typically bimodal with a major peak at fine to medium silt and a smaller peak at fine sand, the latter of which becomes lower with depth. The uppermost 1-2 cm is a distinctive pale yellow to yellowish brown oxidised horizon. This horizon overlies an anoxic zone of black, organic-rich ooze, which then grades down to the typical mottled zone of facies A. Benthic macroinvertebrate fauna, especially bloodworms (chironomid larvae), have burrowed extensively through the oxidised and anoxic zones down to a maximum of 10 cm (Fig. 3b , core C). The top surface of this facies is often characterised by vertical, sediment-coated tube structures that are associated with these burrows. (Fig. 3b , Core C).
Facies B is a light grey to grey, laminated to very thinly bedded or massive silt, with few black laminae or mottles (Figs. 4a, 5) . It occurs directly beneath, and typically in sharp contact with, facies A or C (see below) in cores where it was intersected (i.e., water depths between 49 and 71 m). Intervals of this facies, ranging from 17 to 30 cm-thick, were recovered, but the base was not intersected (Table 1) . Grain size data for this facies is from core E (from 49 m water depth; samples E9-E20, Fig. 5 ) and typically shows unimodal, very fine silt, with significantly lower sand (2-6 vol.%) and higher clay (22-36 vol.%) contents relative to facies A.
Facies C is a pale yellow to yellowish brown, laminated silt, with some disrupted laminae (Figs. 3a, 4) . It occurs as the uppermost layer, 4.5 to 6 cm-thick in cores proximal to hydrothermal vents (cores E and H; water depth, 49 m; Table 1), and sharply overlies facies B. The top surface of this facies in core H has yellowish brown encrustations (Fig. 3 ) and in core E an~1 cm layer of yellowish brown flocculent sediment (Fig. 3) , and is devoid of visible macroscopic benthic organisms (Fig. 3b) . Grain size data for this facies is from the upper 5 cm of core E (samples E4-E8, Fig. 5 ) and typically shows poorly sorted, clayey very fine silt, with low sand (1-5 vol.% and high clay (19-23 vol.%) contents comparable to facies B. The grain size distribution is slightly Fig. 4 . Photographs of cores G to H (see Fig. 2 for locations) and corresponding stratigraphic logs. Facies A, B and C are labelled as fA, fB and fC. Also shown are the positions of samples G1 to G8 and H1 to H5 taken from sub-cores and used for SEM analysis. Note samples G8, H4 and H5 were taken from the thickness range shown.
bimodal with peaks in the clay and fine to medium silt fractions. Higher sand content in the upper 1 cm (15 vol.%), coincides with the yellowish brown flocculent bed.
In several cores recovered from water depths between 53 and 70 m (e.g., cores A and G), laminae dip at an angle of around 30°.
Sediment organic content
Loss on ignition (LOI), which is a proxy for assessing the organic content in sediment, is plotted as a function of depth in Fig. 6 . Cores A to D and F, which were sampled mainly through facies A, generally show relatively high LOI values at the top of each core (10-16 wt.%), but decrease with depth down to 5-8 wt.%. Cores A, C, D and F show a sharp decrease in LOI below the 13-15 cm interval Core E, which was sampled near a hydrothermal vent, through facies B and C, has a significantly lower LOI value (2-3 wt.%) and does not show a changing trend with depth.
Physical composition of the sediment
The physical composition of the sediment has been documented from observations using the SEM. Representative images from successive deeper samples below the lake floor for cores G and H are shown in Figs. 7 and 8, respectively. Six different component types have been documented here: diatoms, flaky particles, granular particles, glass shards, microspheres and tubular clays.
Diatom frustules range from fine silt-to fine sand-sized (long axis) particles. Intact diatom frustules occur as long, rectangular or boatshaped, pennate forms and as disc-shaped, and centric forms ( Fig. 7a  and b) . The pennate diatom frustules are typically 100-200 μm-long and 5-10 μm-wide and have tapered ends. Centric diatoms are typically 10-20 μm in diameter and 10 μm-thick. There are also long, thin, segmented, and cylindrical species, typically 3 μm in diameter and greater than 100 μm-long (Fig. 7b) . Broken fragments of diatom frustules commonly occur as irregularly-shaped flakes with regular areolae (pore) patterns. Thin (b1 μm-diameter) tapered filaments, typically up to 30 μm-long, sometimes with a calyx (cup) at one end, also occur in the diatomaceous sediment (Fig. 7b) .
Inorganic grains generally range from clay to medium silt in size and include flaky particles, granular particles, glass shards, microspheres and tubular clays. Thin (sub-micron-thick) flaky particles are typically 2-5 μm-wide, with angular edges, and are often corrugated, or folded (Fig. 8a-c) . They are distinct from broken diatom flakes in that they lack pores. Granular particles, which are predominantly mineral grains or occasional rock fragments, are characterised by blocky shapes, typically 1 to 25 μm in diameter (Figs. 7d and e; 8d and e); some blocky particles may be basalt fragments derived from the magma of the 1886 Tarawera eruption (c.f. Nairn, 1979) . Particles that can be positively identified as glass shards are present, but not common (Fig. 8d) .
Also present in some samples are sub-micron-sized microspheres, ranging from 120 to 250 nm in diameter that occur on the surfaces of larger grains (Fig. 9a) , in pore spaces (Fig. 9b) and as dense aggregates (Fig. 9c) . Spot EDS analyses on selected aggregates of microspheres, as well as several other particles for comparison, are presented in Table 2 . However, due to the small size of the microspheres and wider EDS beam, there is some cross-contamination with the included analyses of adjacent grains and thus the data need to be treated with caution. The silicon-aluminium atomic ratio for the microspheres varies from 5.9 to 13.9 and is presented as a proxy for assessing whether these are siliceous microspheres, or a spheroidal clay mineral, such as halloysite (see Section 8.3).
Localised aggregates of tubular clays, typically 100 nm in diameter and 400-800 nm-long, occur in facies C (sample H1, Fig. 8b) . Overall, facies A is characterised by having a diversity of pennate and centric diatoms, with the pennate forms larger and more abundant. This contrasts with the underlying facies B, which predominantly has flaky and granular particles. Less abundant diatoms in facies B, have a lower diversity and the centric species are dominant over pennate species. Glass shards have only been observed in facies B. The physical composition of facies C is similar to facies B, but aggregates of tubular clays are also present in facies C. Microspheres were found in facies B and C; they occur at a depth of~25 to 32 cm in core G (i.e. samples G3-G7), and near-surface between 0 to 5 cm in core H (i.e., samples H1-H3).
XRD traces on clay separates from facies B (sample G8 and H4) and facies C (sample H5) are presented in Fig. 10 . Reference tables from Whitton and Churchman (1987) and Lowe and Nelson (1983) were used to identify clay minerals. A distinctive peak at d-spacings of 18.63 Å (sample G8) or 18.90 Å (sample H4) that decreases to background levels on heating to 110°C represents a form of hydrated montmorillonoid. A peak at 14.15 Å (sample H4), which decreases and shifts to 13.56 Å upon heating to 550°C, is consistent with an interlayered hydrous mica (i.e., vermiculite with aluminium hydroxyl interlayers). Primary peaks for quartz (3.33-3.34 Å) and feldspar (3.19-3.20 Å) occur for all samples.
In all samples there are two related peaks at~10 Å (9.76 Å, sample G8; 9.98 Å, sample H4; 9.76 Å, sample H5) and~7 Å (6.99 Å, sample G8; 7.05 Å, sample H4; 6.99 Å, sample H5). In all samples the~10 Å peak is preserved upon heating to 110°C and 550°C, which is consistent with illite, although there may be a small contribution from dehydrated montmorillonoids or vermiculite at 550°C. The~7 Å peak, in all samples, decreases to background levels upon heating to 550°C which indicates either kaolinite or dehydrated halloysite. The peak at~3.5 Å (3.52 Å, sample G8; 3.53 Å, sample H4; 3.51 Å, sample H5) is a second order peak for kaolinite or dehydrated halloysite. In sample G8, thẽ 10 Å peak decreases significantly relative to the~7 Å peak upon heating to 110°C, which suggests the presence of halloysite (i.e., hydrated 10 Å halloysite converts to dehydrated 7 Å halloysite during the lower heating step, 110°C, before all halloysite disintegrates at 550°C). Hydrated 10 Å halloysite was not identified in samples H4 and H5, hence the presence of dehydrated 7 Å halloysite over kaolinite in these samples remains inconclusive.
Pore fluid composition
The variation in pore water-derived silicon and aluminium concentrations with respect to depth from the base of the sediment-water interface to a depth of 16 to 19 cm the below this surface is shown in Fig.  11 . Silicon concentration just above the sediment-water interface ranges from 45 to 55 mg L , respectively. In core E, the aluminium concentration is generally erratic, ranging from 0.005 to 1.87 mg L −1 .
Discussion

Facies origins
The dark colour, the relative abundance of intact diatoms, high organic content and paucity of inorganic grains in facies A are consistent with undisturbed lacustrine sedimentation and early diagenesis (e.g., dark colour may be due to sulphate reduction), and similar deposits occur throughout lakes in the Rotorua region (e.g., McColl, 1977; Fish, 1979; Rawlence, 1985) . The bimodal and relatively coarse grain size (c.f., facies B and C) reflects the variation in diatom size between the larger pennate and smaller centric forms. Diatom genera commonly found in Rotorua lakes include the pennate forms Asterionella, Fragilaria and Nitzchia, and the centric forms Cyclotella, Aulocoseira and Stephanodiscus (e.g., Rawlence, 1984 Rawlence, , 1985 Reid, 2005 ; c.f., Lake Taupo, Jones et al., 2007) and several of these are likely to represent the dominant diatom genera in facies A. A comprehensive taxonomic characterisation of the diatom species and other flora of the lake is beyond the scope of this study. However, it is sufficient to note that the diatom assemblage in this facies is significantly different to, and more diverse than those seen in the underlying facies B. Facies B is finer-grained and comprises a greater abundance of inorganic grains than facies A, and is also comparable to the 'Rotomahana Mud' marker horizon identified in other Rotorua lakes (e.g., Fish, 1979; Rawlence, 1984 Rawlence, , 1985 Trolle et al., 2008) . Subaerial deposits of the Rotomahana Pyroclastics surrounding the lake are composed of poorly sorted lithic lapilli ash (or gravel-rich deposits; Nairn, 1979; Pittari et al., in this issue) and it is likely that the primary near-and in-vent pyroclastic deposits beneath Lake Rotomahana are of similar or coarser grain size. Much of the clay to silt-sized fraction in primary subaerial deposits of the Rotomahana Pyroclastics was derived from hydrothermallyaltered country rock and weathered lake-floor sediments (Kirkman, 1976; Nairn, 1979) . The clay fraction has been reported to include allophane (26-56%), kaolin (10-18%), illite (14-24%), montmorillonite (20-32%) and minor vermiculite and mordenite (N.Z. Soil Bureau, 1968; Kirkman, 1976) . Coarser sand-sized grains within subaerial deposits were reported by Nairn (1979) to include crystals (abundant plagioclase and quartz, minor biotite and titomagnetite, trace hornblende and orthopyroxene), pumiceous rhyolite fragments and scoria. The upper part of facies B sampled here is significantly finer-grained (fine silt-sized) than the primary subaerial deposits, contains intact diatoms and is also laminated, which suggest that this facies is not the primary pyroclastic deposit, but rather volcaniclastic sediments re-deposited in the Rotomahana lacustrine basin. Quartz, feldspar, montmorillonoids, illite and interlayered hydrous mica, identified in facies B by XRD analyses, are likely to represent much of the flaky and granular particle population observed under SEM; their provenance is likely to be from the finegrained fraction of the Rotomahana Pyroclastics. Allophane, amorphous silica and/or glass are X-ray amorphous, but may be represented by the broad background maxima (Lowe and Nelson, 1983) , particularly evident in the traces for samples G8 (facies B) and H5 (facies C) (Fig. 10) .
For comparison, laminated sediments in volcanic lakes of the Long Gang Volcanic Field (N.E. China) are comprised of interlayered graded siliciclastic laminae, formed from weather events that caused high clastic input rates or generated mass flows, with diatom-rich laminae, possibly related to seasonal blooms (Mingram et al., 2004) . Clay and silt sediment fractions from terrigenous sources reach the lake basin environment by sediment suspension currents fed by river plume dispersion (Phillips and Nelson, 1981) . A proportion of the fragmented diatom frustules in facies B of Lake Rotomahana may have been derived from the pre-eruptive lake floor, and recycled into the modern lake as terrigenous grains, as implied in Nairn (1979) . However, the black laminae, which may represent low energy periods where relatively higher concentrations organic matter could accumulate, and the preservation of intact diatom frustules, including some fragile pennate forms, implies that diatom blooms existed in the lake during the early post-eruptive period of high sediment influx into the lake.
Facies C is localised around a sublacustrine vent (see also Walker et al., in this issue; de Ronde et al., in this issue) and represents hydrothermally-altered lacustrine sediment. The grain texture and composition is comparable to facies B (except XRD peaks for hydrated montmorillonoids and hydrous interlayed mica were absent in facies C), which was most likely the parent material. Surface iron-rich encrustations and discolouration of the sediment are suggestive of hydrothermal alteration. Tubular clays are morphologically comparable to tubular halloysite that could also be a product of hydrothermal alteration of either volcanic glass, feldspar, or mica crystals (Joussein et al., 2005) . The occurrence of halloysite over kaolinite is inconclusive in the XRD trace for facies C (sample H5, Fig. 10 ), however kaolinite, if present, should have a platy morphology and thus would comprise part of the flaky or granular particle population, rather than the tubular clays. 
Filling and stabilisation of the volcanic lake
Volcanic lakes are formed or reconfigured during an eruption by crater development, or damming of catchments by volcanic debris or lavas, and may take several months to several years to fill to stable lake levels. For example, a 1.1 km-wide summit crater that formed during a 1982 eruption of Volcán El Chichón, Mexico, began filling with water within 1 month after the eruption; within 8 months a lake 5 × 10 6 m 3 in volume was established (Casadevall et al., 1984) . Lake Taupo, New Zealand, was emptied during the 232 AD Taupo eruption and refilled to its highest level (34 m above present lake level) over a period of only 13 to 15 years (Smith, 1991) . A comprehensive study has been undertaken on the post-eruptive re-establishment of Spirit Lake following the May 18, 1980 Mount St. Helens eruption (Larson, 1993, and references therein) . Eruption debris and sediment raised the floor of Spirit Lake by~60 m and enclosed it by a 150-180 m-thick debris dam. Spirit Lake had been refilling for more than 2 years following the eruption, before it was artificially stabilised by a diversion tunnel. Water clarity did not reach pre-eruption levels until 6-9 years after the eruption. In the first 2 years following the eruption, the lake, except for near-surface water, fluctuated between oxygenated and anoxic conditions, and only a few diatom species were observed. Steady oxygenated conditions within the lake were achieved after 2 years and biota flourished from the third year onwards.
The stabilisation of Spirit Lake may be analogous to the establishment of the modern Lake Rotomahana in the few years following the 1886 eruption. Lake Rotomahana had filled to its present level within a decade following the eruption (Healy, 1975) . Immediately following the eruption, much of the catchment area was covered by poorly-sorted gravelly sand to gravelly mud (Nairn, 1979) . Significant erosional rilling of this deposit occurred within several days of the eruption (Keam, 1988) and may have continued for several years (Hardy, 2005) , thus feeding substantial sediment plumes onto the lake floor. High resolution bathymetric mapping of the lake floor at Rotomahana has revealed erosional channels in the shallow area of the lake and several lacustrine fan deltas (de Ronde et al., in this issue). The final stages of this period of high sediment flux are represented by facies B. The occurrence of a relatively low diversity diatom assemblage in facies B may be analogous to the establishment of diatom blooms, albeit of low diversity, at Spirit Lake while it was still filling (Larson, 1993 , and references therein). 
Hydrothermal manifestations on the lake floor
The absence of the diatomaceous pelagic sediment layer (facies A) at the top of lake-bottom cores recovered close to the sublacustrine hydrothermal vents is likely due to turbulence above the gas-rich plume, which would clear lake sediment from around the vent and inhibit sedimentation from the pelagic zone above the vent. As a consequence, the top of the re-deposited Rotomahana Pyroclastics layer (facies B) has been exposed to hydrothermal surface precipitation and sediment alteration to form facies C.
Sublacustrine hydrothermal surface features have been documented in several volcanic lakes (e.g., Crater Lake, Dymond et al., 1989; Collier et al., 1991 ; Yellowstone Lake, e.g., Morgan et al., 2003; Shanks et al., 2007; Lake Taupo, de Ronde et al., 2002; Jones et al., 2007) . For example, mineralised, amorphous silica (opal-A) chimneys occur at water depths of~120 to 135 m the sublacustrine Horomatangi hydrothermal field, Lake Taupo, which has been active since the ca. 232 AD Taupo eruption (de Ronde et al., 2002; Jones et al., 2007) . Hydrothermal deposits may have been accumulating on the floor of Lake Rotomahana since the Tarawera eruption, as significant subaerial siliceous sinter deposits have formed in the nearby Waimangu Valley over the same period of time. However, observations of the lake floor are limited and only recent lake floor photographs of de Ronde et al. (in this issue) have identified orange-brown crusts overlying hydrothermally-altered material. Yellow-brown iron-rich surface encrustations and laminae associated with facies C (cores E and H, this study) near a hydrothermal vent, are also comparable to the ochre to dark brown iron-rich crusts and ochre-coloured sediment layers observed on the floor of Crater Lake, Oregon (Collier et al., 1991) , both of which are considered to be hydrothermal alteration features.
The occurrence of microspheres on sediment grains is of particular interest and represents chemical precipitation from pore waters. Microspheres could either be amorphous silica or spheroidal clay, potentially halloysite. Halloysite, which has an ideal formula Al 2 Si 2 O 5 (OH) 4 .nH 2 O, commonly occurs in both tubular and spheroidal forms, and is typically a product of weathering or hydrothermal alteration (e.g., Adamo et al., 2001; Joussein et al., 2005) . Spheroidal halloysite normally occurs as a weathering or marine alteration product of volcanic glass. Spot EDS analyses of the microspheres observed here indicate that they are composed of silicon, aluminium and some potassium and iron (Table 2) . However, as noted earlier, the relative size of the small microspheres with respect to the wider EDS beam implies that there is some crosscontamination with adjacent grains. The silicon-aluminium ratio is inconsistent with the material being halloysite. The presence of halloysite in facies B, and possible facies C, is indicated by XRD results, but this does not necessarily imply that the halloysite occurs in the form of microspheres; it could alternatively occur as platy or tubular forms within the rest of the inorganic particle fraction. Furthermore, the microspheres do not necessarily replace, or occur as growths on, volcanic glass, but are rather ubiquitous and commonly coat the surfaces of diatom frustules. Spheroidal amorphous silica (opal-A) is common within hydrothermal sinter deposits on lake floors (e.g., de Ronde et al., 2002; Jones et al., 2007; Shanks et al., 2007) and also occurs within lake sediments in hydrothermal settings (e.g., Jones and Renaut, 2012) .
The silicon concentration in the lake water above the sedimentwater interface and with the sediment pore water is very high. The vertical downward decrease in pore water silicon concentration through the upper 5-7 cm of facies C (i.e., hydrothermally altered facies B) in core E corresponds to the appearance of microspheres occurring at the same interval in core H. In all other cores (A-D and F), the drop in silicon concentration occurs through the upper part of the facies A layer, whereas the appearance of microspheres in an equivalent core (core G) occurs approximately 15-25 cm below this transition within the underlying facies B. In contrast, aluminium concentrations are several orders of magnitude lower than silicon concentrations and tend to remain constant or increase with depth. Hence, a significantly large amount of silicon is being removed from the pore water and precipitating in the sediment, which is consistent with microspheres being siliceous precipitates from silicon-saturated pore water. Halloysite may also form from the extraction of silicon from the pore water, and could be represented by some of the microspheres. However, halloysite precipitation requires equal parts silicon and aluminium, and the vertical trends in aluminium concentration are inconsistent with the extraction of significant amounts of aluminium from the pore water.
The tubular clays observed in facies C show typical morphologies of tubular halloysite, and may be a result of hydrothermal alteration of detrital grains of volcanic glass, feldspar or micas (Joussein et al., 2005) . Alternatively, such grains were already hydrothermally altered fragments of the country rock that were incorporated into the Rotomahana Pyroclastics and subsequent lacustrine sediments.
Conclusions
The upper 20-46 cm of lake-bottom sediment beneath Lake Rotomahana comprises lacustrine silt derived from rapid, post-eruptive re-sedimentation of the Rotomahana Pyroclastics, overlain by diatomaceous pelagic silt representing physical stabilisation of the lake and reduction in terrigenous sediment influx. Near an active sublacustrine hydrothermal vent, the diatomaceous silt is absent and the upper sediments have been hydrothermally altered. Evidence for widespread silica precipitation in the sediment represents the early stages of silicification and it is possible that sinter structures are currently, or will later develop, on the lake floor. Young, hydrothermally-active volcanic lakes, elsewhere, could potentially undergo similar phases of post-eruptive development.
